It has been estimated that approximately 15% of reproductive-age couples suffer from infertility. Male factors contribute to almost half of infertility cases, and in many patients the underlying cause of oligoasthenoteratozoospermia is unknown. Accumulating evidence suggests that oxidative stress plays a role as a contributing factor to male infertility, and reactive oxygen species have been shown to impair sperm function and motility and to damage sperm membrane and DNA. Therefore, this review explored the evidence provided by studies published from 2002 to 2017 on the impact of oral antioxidants (vitamin C, vitamin E, L-carnitine, coenzyme Q10, zinc, selenium, and pentoxifylline) on seminal fluid parameters in men with idiopathic oligoasthenoteratozoospermia. Most of the studies were randomized controlled studies that investigated the effect of single or combined antioxidants and reported improvements in at least one semen parameter. The most noteworthy effect that was found was that the use of multiple antioxidants increased sperm motility and concentration. Nonetheless, there is a lack of agreement on the dose, the duration of treatment, and whether individual or combined oral antioxidants should be used. Therefore, the current review provides evidence supporting the use of oral antioxidants in the treatment of infertile men with idiopathic oligoasthenoteratozoospermia.
Introduction
Infertility is defined as the inability to achieve successful pregnancy after 12 months of regular unprotected sex. It has been estimated that approximately 15% of reproductive-age couples suffer from infertility, which has become a global concern [1] . Roughly 70 million couples worldwide are affected by infertility and seek treatment for this condition, and male factors contribute to almost half of cases [2] . Male infertility can be attributed to several conditions, including varicocele, hypogonadism, cryptorchidism, infection, autoimmune diseases, systemic diseases, testicular cancer, and genetic abnormalities. Nevertheless, in around 30%-40% of cases, no known cause is identified, and this condition has been termed as idiopathic oligoasthenoteratozoospermia (OAT). Idiopathic OAT includes a combination of low sperm concentration ( < 15 × 10 6 /mL), reduced motility (progressive motility < 32% and total motility < 40%) and abnormally shaped spermatozoa ( < 30% normal morphology by the 2010 World Health Organization criteria or < 4% by the Kruger strict criteria) in men who do not have any disease that could affect their fertility [3] .
Oxidative stress has been implicated in the development of many diseases, such as cancer, diabetes, cardiovascular disease, rheumatoid arthritis, liver disease, AIDS (acquired immune deficiency syndrome), Parkinson disease, and motor neuron disease [4] . Reactive oxygen species (ROS) levels have been also linked to male infertility, and studies have reported higher levels of ROS and suppressed antioxidant capacity in the semen of infertile men in comparison to their fertile counterparts [5] [6] [7] . ROS are normally present to some extent in seminal plasma as they are required for capacitation, the acrosome reaction, and fertilization, but the excessive production of ROS triggered by inflammatory cells has detrimental effects on sperm [8] . The adverse effects of ROS on sperm encompass reduced sperm motility, DNA fragmentation, impaired hyperactivation and oocyte fusion, damage to the sperm membrane due to lipid peroxidation, and poor chromatin packing [9] [10] [11] . The DNA damage due to ROS can be in the form of base modifications, attacks on phosphodiester bonds, point mutations, deletions, and frameshift mutations [12, 13] . The resultant sperm damage can decrease the fertilization rate, reduce implantation, hinder embryonic development, and increase the risk of miscarriage and birth defects [14] [15] [16] [17] [18] . In addition, increased oxidative stress can adversely affect the proportions of polyunsaturated fatty acids, which are important for providing fluidity during membrane fusion events such as the acrosome reaction, sperm-egg interactions, and sperm motility [19] .
Maintenance of redox homeostasis is governed by a balance between ROS production and antioxidants in the body. Antioxidants can be endogenous or exogenous. Endogenous antioxidants are classified into enzymatic antioxidants, such as catalase, superoxide dismutase, glutathione peroxidase, and non-enzymatic antioxidants such as glutathione, vitamin E, vitamin A, vitamin C, pyruvate, taurine, urate, coenzyme Q10 (CoQ10), and L-carnitine (LC) [20] . Exogenous antioxidants, such as vitamin E, vitamin C, and carotenoids, are mainly obtained from dietary sources [21] . In addition, semen also contains a recently recognized family of antioxidant enzymes known as peroxidoxins [12] .
There is accumulating evidence that supports the use of oral antioxidants for the treatment of men with idiopathic OAT. The rationale is that seminal oxidative stress is a potential contributing factor to infertility due to decreased levels of seminal antioxidants [18] . Oral antioxidant therapy helps to scavenge seminal ROS and restore the redox balance [18] . The various available oral antioxidants encompass vitamin A; vitamin C; vitamin E; LC; CoQ10; N-acetyl cysteine; micronutrients such as zinc, selenium, and pentoxifylline (PTX); and combinations of these oral antioxidants. Therefore, this review aimed to explore the evidence provided by studies published from 2002 to 2017 on the impact of oral antioxidants (vitamin C, vitamin E, LC, CoQ10, zinc, selenium, and PTX) on seminal fluid parameters in men with idiopathic OAT.
Vitamin C
Vitamin C, also known as ascorbic acid, is a water-soluble vitamin freely available in citrus fruits and fresh berries that is known to have many beneficial effects through its antioxidant properties. Various studies have been carried out on the effects of ascorbic acid supplementation on sperm function. A prospective study conducted by Akmal et al. [22] observed that vitamin C supplementation (2 g/day) in infertile men with idiopathic oligozoospermia induced a significant increase in sperm motility and sperm count, as well as an increase in the percentage of normal spermatozoa, but there was no placebo group in that study. Eslamian et al. [23] performed a case-control study to assess associations between dietary patterns and asthenozoospermia in 107 patients and 235 age-matched controls. It was observed that a diet rich in vitamin C, vitamin E, vitamin D, zinc, folate, total fiber, polyunsaturated fatty acids, and selenium was significantly associated with a lower risk of asthenozoospermia. Vitamin C supplementation (250 mg twice daily) improved sperm motility and normal morphology, but not sperm count, in 115 infertile men following varicocele surgery in a double-blind randomized controlled trial [24] . Kobori et al. [25] investigated the effect of administration of vitamin C (80 mg), vitamin E (40 mg), and CoQ10 (120 mg) in 169 men with oligoasthenozoospermia and observed improvements in sperm concentration and motility after 3 and 6 months of treatment, as well as a pregnancy rate of 28.4% (seven after 3 months, eight after 6 months of treatment). A study of male rats demonstrated that ascorbic acid could reverse cyclophosphamide-induced testicular oxidative stress and testicular androgenic disorders [26] . Another study explored the effects of astaxanthin (100 mg/kg), vitamin E (100 mg/kg), vitamin C (100 mg/kg), and calorie restriction in male rats for 86 days and reported that antioxidant supplementation with or without calorie restriction did not have a significant influence on isoprostane, which is an oxidative stress marker. The antioxidant combination partially improved male infertility [27] . Another study reported that vitamin C mitigated the cyclophosphamide-induced reduction in seminal fluid parameters in rats attributed to oxidative stress [28] .
Vitamin E
Vitamin E, also known as alpha-tocopherol, is a fat-soluble antioxidant vitamin found in almonds, avocados, spinach, and sweet potatoes that neutralizes free radicals and protects the cellular membrane against damage from ROS. It prevents lipid peroxidation and enhances the function of other antioxidants. The recommended daily allowance of vitamin E is 12 mg according to the European Commission Directive 2008/100/EC [29] . An interventional, placebo-controlled study of infertile men by Greco et al. [30] showed that 2-month supplementation of vitamin E (1 g/day) and vitamin C (1 g/day) resulted in a significant reduction of sperm DNA damage. However, there was no significant association between vitamin C and E intake and sperm parameters such as motility and concentration. In a prospective study of 690 men suffering from idiopathic OAT, selenium supplements (200 µg) in combination with vitamin E (400 IU) were administered for a period of 100 days, and in 52.6% of cases, there was an overall improvement in sperm motility, morphology, or both. Moreover, spontaneous pregnancy occurred in 10.8% of cases in the treatment group [31] . Another study by Greco and colleagues [32] showed that treatment with 1 g of vitamin E and vitamin C resulted in improved success rates of intracytoplasmic sperm injection (ICSI) and decreased sperm DNA damage.
In a randomized controlled trial conducted by ElSheikh et al. [33] , 90 men with idiopathic OAT were divided into three groups that received vitamin E (400 mg/day), clomiphene citrate (25 mg/day), or a combination of vitamin E and clomiphene citrate for 6 months. Semen examinations post-therapy revealed that the sperm concentration and motility improved in all three groups, but to a greater extent in the combination group. It was found that CoQ10 and vitamin E plasma concentrations were reduced in 40 infertile men diagnosed with OAT. Accordingly, CoQ10 and vitamin E can be used as potential metabolic biomarkers for the diagnosis and treatment of male infertility [34] .
L-carnitine
LC, or 3-aminobutyric acid, is a naturally occurring substance found in red meat and dairy products that is required for human metabolism. This molecule is involved as an intermediate in bioenergetic processes, where it plays an important role in the formation of acyl carnitine esters of long-chain fatty acids [35] . The concentration of LC is 2,000-fold greater in the epididymis than in the blood plasma, which is due to the active secretory process in the epididymis [35, 36] . In a randomized controlled trial performed by Moslemi Mehni et al. [37] on 212 infertile men with idiopathic OAT, the combination of LC (500 mg) and PTX (400 mg) twice daily for a 3-month duration resulted in increases in all sperm parameters and improved outcomes of assisted reproductive technologies. An observational study of infertile men in Pakistan showed that seminal free LC levels were lower in infertile men than in fertile controls. Furthermore, strong positive correlations were found between seminal LC levels and sperm count, motility, and normal morphology [38] . Another study showed that seminal free LC levels were lower in infertile men than in fertile controls, and the lowest concentration was observed in the azoospermic group [39] .
Lenzi et al. [40] carried out a double-blind placebo-controlled trial to assess the effect of LC supplements in 56 men with idiopathic OAT. The intervention group received 2 g/day of LC and 1 g/day of L-acetyl carnitine (LAC) for a duration of 6 months. Significant relationships between LC/LAC and improvements in all semen parameters were reported, and this trend was more prominent in infertile men with lower sperm motility at baseline. Another double-blind trial was conducted by Garolla et al. [41] , examining the effects of LC therapy on phospholipid hydroperoxide glutathione peroxidase (PHGPX) levels in men suffering from idiopathic OAT. PHGPX levels were assessed at baseline and after receiving LC (2 g/day) for a period of 3 months. Semen analysis showed that LC therapy significantly improved sperm motility, and that the PHGPX levels were restored to normal. Balercia et al. [42] also carried out a randomized, placebo-controlled, doubleblind trial of 59 men with idiopathic OAT, and assessed total oxygen radical scavenging capacity as well as sperm motion kinetics. A combination therapy utilizing LC and LAC (3 g/day) or placebo for a period of 6 months significantly increased sperm motility and total oxygen radical scavenging capacity. Nine pregnancies were achieved during this period, and five of them were in couples where the male partner was receiving combination therapy. Another study randomized 135 patients with asthenozoospermia to receive either LC (2 g/day) with vitamin E or vitamin E only for 3 months. The first group showed an increase in sperm motility, but no improvements were found in sperm density or normal morphology [43] .
Coenzyme Q10
CoQ10 is a nonenzymatic antioxidant that is responsible for the protection of cells against lipid peroxidation-induced damage. It is found in organic meats, beef, soy oil, sardines, and peanuts. Lipid peroxidation is a significant feature of ROS-mediated cellular damage, in which cellular membrane fluidity is altered, membrane potential is reduced, harmful lipid epoxides are generated. CoQ10 protects lipids by scavenging the superoxide anion and peroxides, and it also helps in the mitochondrial electron transport chain, which generates adenosine triphosphate [44] [45] [46] . In a study of male Wistar rats with high low-density lipoprotein and oxidized low-density lipoprotein levels, protective effects of CoQ10 and LC were observed. It has been hypothesized that hypercholesterolemia can lead to fertility issues, and the protective effects of LC and CoQ10 supplementation led to significant improvements in sperm parameters, sperm function, and reproductive hormone profiles [4] .
A randomized placebo-controlled trial carried out by Safarinejad [47] showed that CoQ10 therapy (300 mg for a 26-week period) in 212 infertile men suffering from idiopathic OAT resulted in a significant improvement in sperm count, motility, and morphology. Another double-blind placebo-controlled clinical trial investigated the effects of the reduced form of CoQ10 on sperm parameters and seminal plasma antioxidant capacity in 228 men with idiopathic OAT. The patients received oral supplementation of CoQ10 (200 mg) for a period of 26 weeks, and they showed improvements in sperm density, motility, and morphology. The study demonstrated that during the off-drug period, the sperm parameters gradually returned to their baseline values, but the observed differences were still significant [48] . In an open-label prospective study by Safarinejad [49] , in 287 infertile men with idiopathic OAT, treatment with CoQ10 (300 mg orally, twice daily) for 12 months resulted in improvements in sperm concentration, progressive motility, and normal sperm morphology, and a pregnancy rate of 34.1% was reported. In contrast, in a clinical trial, Nadjarzadeh et al. [50] observed that supplementation with CoQ10 (200 mg for a 16-week period) produced no significant changes in sperm parameters, but significantly increased the seminal total antioxidant capacity. In another clinical trial performed by Nadjarzadeh and colleagues [51] , the effects of CoQ10 supplementation on seminal antioxidants and oxidative stress apart from sperm parameters in men with idiopathic OAT were studied. It was observed that CoQ10 supplementation for a period of 3 months improved the activity of enzymatic antioxidants, such as catalase and superoxide dismutase. It was also shown that there were lower 8-isoprostane (oxidative stress marker) levels in the intervention group that received CoQ10 therapy. The researchers concluded that CoQ10 levels were significantly correlated with key semen parameters such as sperm morphology, motility, and density due to improvements in the total antioxidant capacity. Thakur et al. [52] showed that supplementation with 150 mg of CoQ10 significantly enhanced sperm parameters in infertile men. Finally, a meta-analysis of the effect of CoQ10 supplementation in infertile men showed that global improvements in sperm parameters such as motility, morphology, and concentration accompanied increased concentrations of CoQ10 in semen. These results, however, must be interpreted with caution because they do not necessarily indicate an increased chance of pregnancy or live birth [53] .
Zinc
Zinc deficiency has been postulated as a putative contributing factor to male factor infertility [54] . Zinc is the second most abundant trace element found in human tissue, following iron. Food sources of zinc include red and white meat, fish, and milk, and the World Health Organization estimated that about one-third of the global population is deficient in zinc [55] . The trace element zinc serves as a cofactor for numerous enzymes responsible for cellular development, such as DNA transcription and protein synthesis. Zinc plays a pivotal role in testicular development, steroidogenesis, the synthesis and secretion of luteinizing hormone and follicle-stimulating hormone, gonadal differentiation, the formation and maturation of spermatozoa, the acrosome reaction, and fertilization [56, 57] . A recent systematic review concluded that seminal zinc levels were lower in infertile men and that zinc supplementation increased semen volume, sperm motility, and normal sperm morphology [5] . Another study of 150 infertile men demonstrated positive correlations between seminal plasma zinc levels and semen parameters and serum free testosterone [58] . In a clinical trial conducted in Iraq, semen samples were acquired from 60 asthenozoospermic infertile men and 60 agematched fertile men. Zinc sulfate supplementation, with a daily dose of 440 mg, was given to the infertile men for a period of 3 months, and the qualitative and quantitative characteristics of semen, along with peroxynitrite, arginase, and nitric oxide (NO) synthase activity, were assessed. The peroxynitrite levels and NO synthase activity were significantly higher in the infertile men than in the fertile group, whereas arginase activity was higher in the fertile group than in the infertile men. Moreover, peroxynitrite, NO synthase, and arginase levels were restored to normal values following zinc supplementation in infertile men. Semen volume, sperm count, and progressive sperm motility significantly improved following zinc supplementation in asthenozoospermic men [59] . In another study, the same researchers investigated the effect of zinc supplementation on zinc binding protein levels and qualitative and quantitative semen characteristics. Semen samples were collected from 37 fertile men and 37 subfertile men with asthenozoospermia who were given zinc supplementation (440 mg/day) for a 3-month period. The results of the study showed that zinc supplementation significantly increased semen volume, sperm motility, and sperm count in the subfertile men [60] . A combination of zinc and folic acid supplementation was studied in men suffering from OAT. In this randomized, double-blinded, placebo-controlled trial, 83 men with OAT received zinc (220 mg/ day) and folic acid (5 mg/day) orally for a period of 16 weeks. The study did not show improvements in sperm quality in subfertile men suffering from OAT, even after adjusting for the placebo effect [61] .
Selenium
Selenium is an essential trace element that plays an important role in sperm formation and testosterone synthesis [62] . At least 25 selenoproteins have been identified in humans and animals, and these selenoproteins help to maintain the structural integrity of sperm [37] . A placebo-controlled clinical trial was performed on men with idiopathic OAT who received 200 µg of selenium orally along with 600 mg of N-acetyl-cysteine or a similar regimen of placebo for a period of 26 weeks, followed by a 30-week treatment-free period. Significant positive correlations were found between seminal plasma concentrations of selenium and N-acetyl cysteine and mean sperm concentration, motility, and normal morphology [63] . Another clinical trial was conducted on 54 infertile men and healthy controls who received supplementation with vitamin E (400 mg) and selenium (225 µg) for a 3-month period, while a placebo group received vitamin B (4.5 g/day) for the same duration. In comparison to vitamin B, selenium and vitamin E supplementation resulted in a significant decrease in an oxidative stress marker (malondialdehyde), and sperm motility and viability were inversely correlated with malondialdehyde levels [64] . Selenium-fortified probiotics reduced triglyceride levels and improved sperm count, mobility, and morphology in obese rats [65] .
Pentoxifylline
PTX is a derivative of xanthine that increases local blood flow by increasing the deformability of red blood cells and decreasing blood viscosity [66] . PTX has been recommended as an artificial sperm movement enhancer, and it has been shown to be particularly useful in patients with asthenozoospermia, who exhibit decreased sperm motility in their ejaculate [67] . An in vitro study showed that PTX significantly improved sperm movement in asthenozoospermic semen samples without adverse effects on sperm DNA or chromatin integrity during a vitrification program [68] . It was also shown that PTX had a positive effect on ICSI outcomes, including fertilization, embryo quality, and pregnancy rates, in asthenozoospermic patients [67] . Safarinejad [69] performed a randomized controlled trial on men with idiopathic OAT, investigating the response of semen parameters to supplementation with PTX (400 mg twice daily) for a 24-week treatment phase followed by a 12-week treatment-free period. The results of that study showed a significant improvement in seminal parameters such as concentration, motility, and morphology. An increase was also observed in the acrosome reaction in the PTX group. Another study observed that PTX (1,200 mg) in combination with 5 mg of folic acid and 66 mg of zinc sulfate administered orally every day for a period of 12 weeks in patients suffering from varicocele improved sperm morphology starting in the 4th week of treatment [70] .
Combination of oral antioxidants
The current trend is to employ multiple antioxidants to treat male infertility in order to achieve synergistic antioxidant effects. Gharagozloo et al. [13] found that a combination of LC (500 mg), folic acid (450 µg), vitamin C (60 mg), lycopene (10 mg), selenium (55 µg), vitamin E (200 mg), and zinc (10 mg) significantly reduced levels of 8-hydroxydeoxyguanosine, a marker of DNA damage, in sperm cells in mice. They also observed that in a scrotal heat stress model, pretreatment with antioxidants led to 74% of female mice becoming pregnant, resulting in 427 fetuses, which constituted an improvement in fertility. The effects of another combination of vitamin C (100 mg), vitamin E (100 mg), folic acid (500 µg), zinc (25 mg), selenium (100 µg), N-acetyl cysteine (50 mg), LC (300 mg), citrulline (300 mg), lycopene (4 mg), and CoQ10 (15 mg) on sperm quality were investigated in 147 patients who underwent in vitro fertilization (IVF). The patients were categorized as OAT and non-OAT men, and following the first and second sperm analyses, they received vitamin C (100 mg), vitamin E (100 mg), folic acid (500 μg), zinc (25 mg), selenium (100 μg), N-acetyl-L-cysteine (50 mg), and LC (300 mg). Significant improvements were found in sperm concentration, motility, and normal morphology following micronutrient and vitamin supplementation, and the effects were stronger in men with OAT with restricted sperm parameters. The sperm parameters that improved were motility, sperm count, and nuclear vacuolization [71] . These findings are congruent with those of our recent study that demonstrated that daily supplementation with vitamin C (90 mg/day), vitamin E (15 mg/day), CoQ10 (4 mg/day), selenium (30 µg/day), and zinc (5 mg/day) for 3 months improved sperm concentration, progressive motility, and total motility in men with idiopathic oligoasthenozoospermia [72] .
Abad et al. [73] performed a study to assess the effect of oral antioxidant supplementation on the sperm dynamics of DNA fragmentation in a cohort of 20 infertile men with asthenoteratozoospermia. Patients received 1,500 mg of LC, 60 mg of vitamin C, 20 mg of CoQ10, 10 mg of vitamin E, 10 mg of zinc, 200 µg of folic acid, 50 µg of selenium, and 1 µg of vitamin B12 for a duration of 3 months. Semen analysis showed that the proportion of degraded sperm significantly decreased, and significant improvements were found in sperm concentration, motility, and morphology. There was also a significant improvement in DNA integrity, and It was concluded that treatment with multiple antioxidants can open a significant therapeutic window in the treatment of male infertility. Piomboni et al. [74] observed that a combination of antioxidants including beta-glucan (20 mg), fermented papaya (50 mg), lactoferrin (97 mg), vitamin C (30 mg), and vitamin E (5 mg), administered twice daily for a period of 3 months, yielded significant improvements in the percentage of morphologically normal sperm cells and progressive sperm motility, as well as a decrease in leukocyte concentrations in asthenoteratozoospermic patients.
Gopinath et al. [75] conducted a placebo-controlled trial in men suffering from OAT and initiated treatment with the oral administration of a fixed-dose combination (FDC) of multiple antioxidants (50 mg of CoQ10, 500 mg of LC, 2.5 mg of lycopene, and 12.5 mg of zinc). The participants were allocated into three groups, which received two tablets twice daily of FDC, one tablet of FDC and one tablet of placebo, or two tablets of placebo twice daily for 180 days. It was found that FDC administration was safe and effective at improving sperm count and sperm motility in the first interval (90 days), and further improvement was observed in the second interval, at 180 days. Tremellen et al. [76] performed a prospective, randomized, double-blind, placebo-controlled trial in 60 couples with male infertility. The subjects were randomly assigned to one capsule per day containing 400 IU of vitamin E, 50 mg of vitamin C, 6 mg of lycopene, 25 mg of zinc, 25 µg of selenium, 5 mg of folic acid, and 1,000 mg of garlic or placebo for 3 months prior to their partner's IVF or ICSI cycle. The group that received antioxidant supplementation showed a statistically significant improvement in the viable pregnancy rate (38.5%) in comparison to the control group (16%). There were no significant changes in the oocyte fertilization rate or embryo quality between the control group and the group that received antioxidants.
Another study showed that a combination of LC (145 mg), acetyl-LC (64 mg), fructose (250 mg), citric acid (50 mg), selenium (50 µg), CoQ10 (20 mg), zinc (10 mg), ascorbic acid (90 mg), cyanocobalamin (15 µg), and folic acid (200 µg) administered once daily for a duration of 4 months in 96 men with idiopathic asthenoteratozoospermia resulted in a significant increase in progressive sperm motility, and 16 patients achieved pregnancy during the course of the trial [77] . In a study conducted by Ghanem et al. [78] , it was found that in men suffering from idiopathic OAT, supplementation with a combination of antioxidants including vitamin E (400 mg/day) and clomiphene citrate (25 mg/day) resulted in a significant increase in sperm concentration and progressive sperm motility. The rate of spontaneous pregnancy was higher (36.7%) in the treatment group than in the placebo group (13.3%). Comhaire et al. [79] showed that the combination of N-acetyl cysteine or vitamins A or E and essential fatty acid supplementation in infertile men was associated with a significant reduction in ROS activity and an increase in the acrosome reaction, but nonsignificant improvement was shown in sperm motility and morphology, with only a slight increase in the sperm concentration in oligozoospermic men.
Discussion
Accumulating evidence suggests that semen quality has considerably declined over the past 20 years. This change in semen quality has been linked to environmental factors, metal toxicity, chemicals, radiation, and heat. Furthermore, factors such as obesity, inflammation, pollutants, cigarette smoking, and ROS are negatively correlated with spermatogenesis and sperm DNA integrity [80] . Elevated ROS levels can result in damage to the proteins, lipid membranes, or DNA integrity of spermatozoa, meaning that sufficient antioxidant release is essential for maintaining normal sperm quality and quantity, which ensure fertility in men [18] . Oxidative stress has emerged as a key player in the pathogenesis of male infertility, which can be attributed to an increase in free radicals and ROS that results in cellular and tissue damage [21, 81] . Antioxidants neutralize oxidative stress, and the seminal plasma contains these substances in order to maintain the redox balance. It has been shown that infertile men have high oxidative stress levels in their seminal plasma, and their antioxidant capacity has been found to be insufficient to combat the corresponding damage [9, 82] .
The current review provides evidence for the use of oral antioxidants in the treatment of male infertility and their effects on seminal parameters. Several studies have explored the actions of vitamin C, vitamin E, LC, CoQ10, zinc, selenium, and PTX, as monotherapy or polytherapy. Most of these studies were randomized placebo-controlled trials or case-control studies. Various doses were used for each antioxidant, and the duration of treatment ranged between 3 and 6 months. Some studies showed positive effects of these antioxidants on sperm concentration, motility, normal morphology, DNA fragmentation, seminal plasma antioxidant capacity, pregnancy rate, and IVF/ICSI outcomes. The most noteworthy effects, however, were on sperm motility and concentration, especially with the use of multiple oral antioxidants. These positive effects can primarily be attributed to the antioxidant properties of the investigated vitamins and micronutrients and the corresponding reduction of ROS and/or increase in seminal plasma antioxidant capacity [13, 20, 83] . The enhanced effects associated with combinations of antioxidants could be due to their synergistic antioxidant action. Alternatively, the mechanism by which antioxidants increase sperm concentration could be through the suppression of ROS-induced sperm damage or another unidentified mechanism. A small number of other studies, in contrast, demonstrated a lack of impact of these antioxidants on one or more semen parameter. Comparing the outcomes of various studies is challenging for several reasons. While many studies were randomized placebo-controlled trials, others were either open, uncontrolled, prospective studies or case-control studies. The patients included in the studies were also heterogeneous, as some studies included patients with idiopathic OAT and others included patients with idiopathic oligoasthenozoospermia or asthenoteratozoospermia. Furthermore, variability was present in the inclusion and exclusion criteria used to define idiopathic infertility. Further, some trials included a small number of patients, while others had a large number of patients, so the negative results obtained in some studies may be attributed to a small sample size and insufficient power. Finally, there were significant differences in the doses of antioxidants used and the duration of the treatment period; these factors are likely to have affected the improvements in seminal fluid parameters in men with idiopathic OAT.
In the normal physiological state, the seminal plasma contains endogenous antioxidant enzymes that can quench ROS and protect the spermatozoa from damage. However, exogenous antioxidants such as vitamin C, vitamin E, CoQ10, and glutathione have been shown to protect against oxidative stress in men experiencing infertility [84] . A synergy exists between the exogenous and endogenous antioxidants that neutralize the free radicals and ROS in the seminal plasma [85] . The interaction of endogenous and exogenous antioxidants results in redox homeostasis [85, 86] . Both the synthetic and natural forms of antioxidants have recently been the focus of attention in the field of reproduction and fertility management. Three months of administration of vitamins A, E, and C and selenium significantly increased sperm motility [87] . However, in contrast, some studies have reported that treatment with oral antioxidants did not result in a significant improvement in sperm parameters [79, 88] . Once the positive effects of antioxidant supplementation are con-firmed, it remains necessary to optimize the dose and duration of treatment and to identify which seminal parameters benefit the most from certain antioxidants, either as single agents or in combination. In patients experiencing high levels of oxidative stress, doses should be taken for a minimum of 3 months, as the maturation of sperm takes around 72 days [89] .
Conclusion
Most of the studies in this review were randomized controlled studies that explored the effects of oral antioxidants in men with idiopathic OAT and reported improvements in at least one semen parameter (motility, concentration, normal morphology, and antioxidant capacity), but the most noteworthy effect was that the use of multiple antioxidants for 3-6 months increased sperm motility and concentration. There is, however, lack of agreement on the dose and duration of treatment and whether individual or combined oral antioxidants should be used. Future directions include identifying the underlying molecular mechanisms that explain the specific effects of some antioxidants on semen parameters, optimizing the dose and duration of therapy and the choice between individual or combined therapy, and measuring ROS and oxidants/antioxidants in seminal plasma. The current review provides cumulative evidence of the positive role of oral antioxidants in the treatment of infertile men with idiopathic OAT. Further large-scale randomized placebo-controlled trials are required to consolidate the evidence provided in the current review.
